Diabetic wounds are a major health concern in diabetic wound care management. Various factors influence the biological phases of diabetic wound healing, causing improper wound healing. To surmount the issues associated with diabetic wounds, designing dressing materials with antibacterial and re-epithelization properties has the potential to promote successful wound healing. Here we prepared synergistic dressing materials by incorporating silver nanoparticles (AgNP) and recombinant human epidermal growth factor (rhEGF) into polyurethane foams (PUFs) and tested these materials in an animal model of 
Introduction
Wound healing is a highly orchestrated biological process in the healthy human body in which healing is achieved through four highly programmed overlapping phases, including: hemostasis, inammation, tissue formation, and remodeling.
1,2
For successful wound healing, these phases must occur consecutively in a short time frame. However, in diabetic wound healing, various factors interrupt the healing process and the wound persists in an inamed state for weeks to months, resulting in inadequate wound healing. 2, 3 In the rst few moments aer an injury, numerous intracellular and intercellular biological processes must be activated to restore tissue integrity and homeostasis.
1 Diabetic foot ulcers (DFUs) are the leading cause of lower limb amputations, with more than 75 000 new cases registered every year in the United States alone. 4, 5 A series of biophysiological mechanism failures, including decreased cell and growth factor responses that led to decreased peripheral blood ow and low angiogenesis, contribute to the lack of healing in persons with DFUs. 6 In addition, microbes also contribute to wound infection and impair wound healing. 7 Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) can both invade and colonize wounds easily, resulting in major infection that can impede the healing process and sometimes even result in internal infection. 8 Furthermore, wound dehydration can impede moist environment and thus further delay wound healing. 9 To surmount these limitations, substantial efforts are being made to develop wound dressing biomaterials for protecting damaged skin from infections and dehydration.
Traditional dressing materials, including cotton wool, natural and synthetic bandages, and gauze, are sufficient for aiding the initial stage of wound healing. 10 Such dressing materials are, however, dry and neither provide moist environment to wounds nor absorb wound exudates. The nondegradable nature of these dressings also makes them liable to adhere to the wound surfaces, thereby creating trauma upon removal. More recently, biomaterial-based natural polymer dressings such as chitosan dressings, bioengineered skin equivalents, and platelet-rich plasma treatments have been used to treat chronic wounds. [11] [12] [13] [14] However, in order to ne tune their mechanical properties and biodegradation rates, chitosan and other natural polymer dressings need to be blended with synthetic polymers. 15, 16 Thus, an ideal wound dressing material should be non-toxic and non-adherent to the wound, possess antibacterial activity, and be biocompatible. All of these properties are important for the material to accelerate wound healing. In order to address these issues, much attention has been paid to the development of dressing materials that can maintain the moist environment at the wound surface and absorb wound exudates, inhibit the passage of microorganisms, and accelerate wound healing by promoting re-epithelization. Most importantly, dressings should be removed easily without trauma.
Synthetic dressing materials based on poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(3-caprolactone) (PCL) have a number of advantages with respect to their tunable physicochemical and biodegradation characteristics. [17] [18] [19] Owing to these properties, these materials have been approved by the Food and Drug Administration (FDA) as surgical suture and drug delivery platforms.
18 Although these homopolymers are not elastomers, their copolymers (e.g., PCLA and PLGA) display elastomeric properties, perhaps due to the phase separation of the crystalline and amorphous segments. 20, 21 However, certain characteristic features of these materials, including the generation of acidic degradation products, are not optimal for so tissue engineering. Elastomeric materials generally possess favorable mechanical strength, elasticity, viscosity and biodegradability. Compared with biopolymeric materials, elastomeric materials have the advantages of easy handling, a long shelf-life, and easy preparation with well-dened structures. Elastomeric materials were the rst synthetic polymers used in tissue engineering applications to mimic the extracellular matrix of so tissues, including ligaments, tendons, cartilage, and blood vessels.
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In recent years, polyester urethanes have received special attention as surgical scaffolds for tissue engineering applications. 22 Scaffolds prepared using polyurethanes have been shown to form non-toxic degradation products and stimulate cell migration and new tissue growth in vivo. The tunable physicochemical properties of polyurethanes also allow them to be processed in several forms, including sheets, sponges and foams, with the absorbency, thickness, and pore size able to be controlled according to the desired application. 10 In particular, hydrophilic polyurethane foams (PUFs) are promising dressing materials owing to their constant maintenance of moist environment and their substantial ability to absorb of exudates.
23-25
Incorporation of antimicrobial nanomaterials such as silver, copper oxide, zinc oxide or bio-glass into the wound dressing materials has been shown to be an effective strategy for the treatment of bacterial wound infection. 7, 11, 24, [26] [27] [28] [29] [30] In particular, nanometer-sized metal particles with a high surface area exhibited high antibacterial activity. Their antibacterial activity is attributed to their large contact area with bacteria, which presumably leads to the destruction of the bacterial membrane. 31 However, these metal particles did not promote re-epithelialization; therefore, a combination of growth factors and metal particles in dressing materials may be needed for synergistic acceleration of the healing process.
32,33 Therefore, we aimed to maximize diabetic wound healing by adding both recombinant human epidermal growth factors (rhEGF) as a growth factor and silver nanoparticles (AgNPs) as an antimicrobial agent to polyurethane foam (PUF). We then evaluated the in vivo wound healing efficiency of the prepared PUF samples by measuring wound contraction in a full-thickness wound model in diabetic balb/c mice and performing histological examinations on tissue samples from these mice.
Materials and methods

Materials
Toluene diisocyanate (TDI, an 80-20% mixture of the 2,4 and 2,6 isomers) was kindly supplied from BASF Company Ltd., Korea. Lutrol F-127 (BASF Korea., LTD) and glycerin (P&G Chemicals, Korea) were used as a surfactant and cross-linker, respectively. The ethylene oxide/propylene oxide random copolymer (EO/PO 75%/25%, M n ¼ 5000 g mol À1 ) and poly(ethylene glycol) (PEG, M n ¼ 1000 g mol À1 ) were obtained from KPX Chemicals Co., Ltd., Korea. The hydrophilic copolymers EO/PO and PEG were dehydrated at 80 C for 24 h in a vacuum oven before use. All other chemicals were used as received. The residual water content of EO/PO and PEG was measured by Karl Fisher titration. Copolymers were used for synthesis when the residual water content was less than 0.01 wt%. Antimicrobial silver nanoparticles (AgNPs) were prepared by electric explosion of wire (EEW) in liquid. Recombinant human EGF (rhEGF) was purchased from BIO-FD&C Co., Ltd., Korea. Breathable polyurethane lm (AIDFIL-20FC, thickness, 20 mm) was purchased from Pion-Tech Co., Ltd., Korea.
Synthesis of the isocyanate-terminated polyurethane (PU) copolymer
The PU copolymer was synthesized according to our previously reported procedure, with slight modications. 24, 25 In brief, TDI-80 was charged into a four-neck round-bottom ask equipped with a mechanical stirrer and reux condenser, and then heated to 60 C. Aerwards, a polyol mixture, prepared by mixing EO/ PO with PEG, was added dropwise under a nitrogen atmosphere. The resulting mixtures were vigorously stirred for 6 h at 70 C until the NCO group content reached 5%, which was determined by the titration method using di-n-butylamine.
Preparation of AgNP and rhEGF-incorporating PUF (AgNP/rhEGF-PUF)
The AgNP/rhEGF-PUF was made by separately preparing an aqueous phase and an organic phase, mixing both phases at room temperature, and pouring the mixture into a mold. The aqueous phase was prepared by dissolving and dispersing glycerin, Lutrol F-127, and rhEGF in distilled water. . The FT-IR spectra of copolymers were determined using the KBr pellet method.
2.4.2. Density. The density of the PUFs was measured based on the ASTM D 3574 standard approach. Briey, the PUFs were cut into rectangular specimens (50 mm Â 50 mm Â 2 mm). The density of the PUFs was determined by averaging the mass/volume measurement results of ve specimens per sample.
2.4.3. Absorbency. ).
Fluid retention.
To assess the uid retention of the PUFs, the hydrated PUFs were placed onto a perforated metal sheet and a compression load with a weight of 1.36 kg (equivalent to 40 mmHg, as is commonly applied with a high compression bandage therapy) was applied to the sample. Unretained liquid was allowed to drain, aer which the sample was then reweighed (W 3 ). The uid retention of the sample was calculated using the following equation: (W 3 À W 1 )/area (cm 2 ).
Fluid handling capacity (FHC)
. The FHC of the PUFs was examined according to the BS EN 13726-1:2002 protocol.
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Briey, the sample (55 mm in diameter) was cut and placed onto a Paddington cup, which was then weighed (W 1 ). A minimum volume (20 mL) of test solution A was added, aer which the whole cup was then reweighed (W 2 ). A minimum of three specimens per sample were evaluated. Each cup was placed in a controlled environment incubator (37 C and relative humidity below 20%) for 24 h, aer which the cup was removed, allowed to equilibrate to room temperature, and reweighed (W 3 ). The solid plate was then removed from the cup, excess uid was drained, and the cup reweighed (W 4 ). Moisture vapor loss (MVL), uid absorption (FA), and FHC were calculated using the following equation:
In clinical practice, FHC determines the wearing time of a dressing because this parameter affects both exudate leakage and maceration of the peri-wound skin.
2.4.6. Field emission scanning electron microscopy (FE-SEM). The surfaces and cross-sectional morphologies of the PUFs were examined with FE-SEM instruments (S-4300, HITA-CHI, Japan). For microscopy measurements, the sample was coated with platinum using a sputter-coater (E-1030, Japan) for 60 s and scanned at an accelerated voltage of 15 kV. The morphology and elemental composition of the dispersed AgNPs inside the PUFs were observed using an FIB-SEM instrument (VERSA 3D, FEI, USA) and an EDS operated at an acceleration voltage of 20 kV. The morphology of pristine AgNPs were observed using an FIB-SEM instrument (VERSA 3D, FEI, USA) at an acceleration voltage of 15 kV.
2.4.7. SEM. The morphology of pristine AgNPs were observed using an FIB-SEM (VERSA 3D, FEI, USA) at an acceleration voltage of 15 kV.
2.4.8. UV-vis spectroscopy. The absorption spectrum of AgNPs was recorded using an UV-vis spectrophotometer (OPTIZEN 3220UV, Daejeon, Republic of Korea) in the range between 200-800 nm. For the UV-vis measurement, AgNPs (1 mg mL À1 ) were dispersed in de-ionized water and passed through a syringe lter (0.45 mm) and then analyzed. 2.4.9. Zeta potential. The zeta potential of the AgNPs was measured using a zeta-potential & Particle Size Analyzer (Malvern Instruments Inc., Massachusetts, USA). Aer determining the electrophoretic mobility of the AgNPs, the zeta potential value was calculated using the Henry's equation. 
Extraction of PUFs
Test samples were extracted in Dulbecco's Modied Eagle's Medium (DMEM) at 37 C for 24 h according to the ISO 10993-5
and ISO 10993-12 protocols. Briey, the test sample was mixed with culture medium (DMEM) (1 g/10 mL) and incubated in Pyrex bottles (Pyrex, USA) at 37 C for 24 h in an SI-300R shaker (JeioTech, Korea), thus forming the extraction medium. This ratio was above the absorptive capacity of the test sample. Culture medium was used as a negative control and was incubated under same conditions. Samples were prepared under sterile conditions, and extra care was taken to avoid crosscontamination.
Cell culture
The cytotoxic effects of the PUFs were evaluated in the mousederived broblast cell line L-929 (NCTC Clone 929). Briey, L-929 cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS; Hyclone, USA) and 1% penicillin-streptomycin (Gibco-BRL, USA) at 37 C in a humidied atmosphere containing 5% CO 2 . Once adhered, cells were harvested through trypsin-EDTA treatment. Cells were then seeded in 96-well cell culture plates (TPP, Switzerland) at a density of 1 Â 10 4 cells per well. Aer 24 h, the culture medium was replaced with either fresh DMEM (negative control) or the DMEM extract of the test sample in. Cells were then further incubated for 24 h.
In vitro cytotoxicity
The cytotoxicity of the PUFs was evaluated in vitro using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay. This assay is based on the reductive cleavage of MTT (yellow crystals) to formazan (purple crystals) by mitochondrial dehydrogenase. 38 In brief, MTT stock solution in phosphatebuffered saline (PBS, pH 7.4, 5 mg mL À1 ) was added to each well to reach a nal concentration of 0.5 mg mL À1 . Aer 4 h, unreacted MMT was removed and the insoluble formazan crystals were dissolved in 100 mL of dimethyl sulfoxide. The absorbance of each well was then measured at a wavelength of 540 nm using a microplate reader (ELx 800, Bio-tex, USA). Cells that were not treated with test sample extract were used as controls. The relative cell viability (%) was calculated using the following equation:
Cell viability (%) ¼ absorbance of samples/ absorbance of control Â 100
In vitro antimicrobial test
The antimicrobial activity of AgNP-incorporating PUFs was tested by an inhibition zone test. 39 Antibacterial activity was assessed against Staphylococcus aureus (ATCC 25923, Grampositive bacterium) and Escherichia coli (ATCC 35218, Gramnegative bacterium). For the assays, the PUFs were cut into discs (1.5 cm in diameter), spread onto an agar plate, and incubated for 24 h at 37 C. Then, the diameter of the inhibition zone was measured. To ensure that the PUF did not have any inherent antibacterial effects, unincorporated PUF was used as a control. The plates were examined, and each zone was measured three times. The presence of a "no growth" around the sample indicated that the silver ions had leached from the sample. Larger zones corresponded to greater silver ion leaching.
2.9.
In vivo study 2.9.1. Animals. Balb/c mice (Orientbio, Korea) between 6-7 weeks of age were used for all experiments. Mice weights ranged from 18-21 g. To prevent ghting and wound attacks, the mice were individually housed in polycarbonate cages. The cages were maintained at a controlled temperature (23 AE 2 C) and humidity (55 AE 5%). The mice were maintained on a standard light/dark cycle (12/12 h) and given free access to food and water. Mice were fully acclimatized to the setting for at least a week before use in experiments. All experiments with live animals were performed in compliance with the relevant laws and institutional guidelines of the Sungkyunkwan University. The Sungkyunkwan University institutional committees approved the experiments. 2.9.2. Induction of diabetes mellitus. Test animals were anesthetized and intraperitoneally injected with 100 mL of streptozotocin (170 mg kg À1 ) to induce diabetes mellitus. At 3 days aer the injection, blood glucose levels were measured using a rapid glucometer (Accu-Check Active, Roche Diagnostics GmbH, Germany). One week aer STZ injection, animals with a blood glucose level above 300 mg dL À1 or higher were dened as diabetic and used in this study. 2.9.3. Full-thickness skin wound preparation. Fig. 1A shows the experimental procedure of the animal test. Balb/c mice were anesthetized with an intraperitoneal injection of ketamine (90 mg kg À1 ) with xylazine (10 mg kg À1 ). The application eld of the dorsal skin area was outlined with a marking pen just before skin excision and the surgical area was disinfected with 70% ethanol. A full-thickness wound with a 6 mm diameter was created on the back of each mouse to the depth of the loose subcutaneous tissue. The mice were randomly divided into three groups with ve animals per group. The groups are as follows: group A, gauze-treated group (control group); group B, AgNP-PUF-treated group; and group C, AgNP/rhEGF-PUFtreated group. A sample of the test material (1.5 cm Â 1.5 cm) was applied to the wounded area, xed with Tegaderm™ dressing (3M, USA), and fastened using a hypoallergenic elastic adhesive bandage (Coban™, 3M, USA). Animals were caged individually following identication. The wounds were harvested on day 20 post-wounding. The dressings were changed on days 3, 6, 9, 12 and 15 post-wounding; on these days, the wounds were examined and photographed to measure wound size reduction. Wound area was measured from photographs captured using an Image-Pro Plus V.6.3 camera (MediaCybernetics, USA). Wound measurements are expressed as percent of wound contraction. Wound contraction was expressed as the percent of the day 0 measurement and was calculated by the following equation: wound contraction (%)
Â 100, where A 0 and A t denote the initial wound area and the wound area on the day of interest, respectively.
Histologic analysis
On day 20, three mice from each group were sacriced. Biopsied tissue sections were xed with 10% formalin and embedded in paraffin. Skin tissues samples were cut into 4 mm sections for histopathological examination by hematoxylin and eosin (H & E) staining. The stained sections of each skin tissue sample were then examined under a light microscope.
Statistical analysis
Experimental results are presented as means AE standard deviations of the mean. Signicance was analyzed via the one-way ANOVA test.
Results and discussion
Physicochemical characterization of PUFs
The physicochemical properties of AgNPs, prepared using the EEW method, were shown in Fig. 1B-D . SEM images demonstrated that the AgNPs are spherical in shape; and the average size of AgNPs was found to $90 nm in diameter. The absorption spectrum of AgNPs supports the existence of silver in its colloidal form led to the appearance of the characteristic peak at $400 nm. This characteristic peak is attributed to the surface plasmon resonance of colloidal silver. The zeta potential of pristine AgNPs was À23.44 mV, which indicated the anionic surface of AgNPs. The anionic nature of the particle may effectively interact with PUFs by ionic interaction that may facilitate AgNPs loading. The FT-IR spectra of the PU copolymers and the PUFs, which were synthesized through the polyaddition polymerization reaction between TDI and polyols, are shown in Fig. 2 . The isocyanate group in the PU copolymers was cross-linked using glycerin through urethane bond (-NH-CO-O-) formation. The peaks around 1540 cm À1 are caused by the amine groups (-NH bending) in the urethane linkage. The characteristic peaks at 1705 cm À1 and 1642 cm À1 were assigned to the -C]O group in the carbonyl and urethane linkages. 40 The -CH vibration in the PEG group was observed at 2878 cm
À1
. 41 The peak around 3365 cm À1 is caused by the amine group (-NH) in the urea linkage.
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For the PUFs, an -NCO peak was not observed around 2265 cm
À1
. The disappearance of the -NCO peak aer reaction with the -OH group in glycerin and water indicates that the urethane and urea linkage was well-formed without an unreacted -NCO group.
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Various physical properties of the copolymers such as texture, pore size, and thickness affect the uid absorption of PUF dressings. 23 The absorbency of the PUFs was examined aer immersing the PUFs into test solution A for 24 h (Fig. 3A) . This analysis revealed that the PUF absorbency was 0.22 g cm À2 .
The high absorbency of PUFs is mainly due to the chemical structure of the PUFs. Generally, PUFs are composed of hydrophilic so segments (PEG and EO in EOPO), which help to absorb water molecules. Furthermore, PUFs are non-woven, hydrophilic, exible bers arranged in a sponge-like structure with closed shells. Thus, it is feasible to retain liquids in the foam, because water molecules are conned in the cell window when external pressure is placed on the foam. 43 Such high absorptive PUFs effectively absorb high levels of wound exudates, thereby reducing the risk of maceration.
For optimal wound dressing, the uid absorbed by the dressing no longer contacts the surrounding tissue or periwound area. Thus, avoidance of maceration is a critical factor for success. 44 These complications are surmounted by the foam dressings, because foam dressing materials effectively retain absorbed uid via "lateral wicking". Thus, foam dressing materials with a high degree of uid retention can prevent the passage of exudate to the surrounding tissue. Fig. 3a shows the uid retention of the PUFs aer 24 h of immersion in test solution. The uid retention of the PUFs was approximately 0.21 g cm À2 . This high uid retention under compression prevents the exudate from reaching the edges of the wound and also prevents the absorbed exudate from being discharged back onto the wound surface or onto the edges of the wound under pressure. The FHC is dened as the sum of the moisture vapor loss (MVL) and absorbency values (Fig. 3b) . For optimal wound healing, the moisture content of the wound is carefully controlled, suggesting that the healing process is inuenced by changes in the wound moisture content. 45 In addition, wound dehydration may delay or impair wound healing, whereas excess uids in the wound may cause maceration. Hence, to achieve effective wound healing, the applied dressing should possess high absorbency and a good MVL capacity. MVL is dened as the evaporation of a proportion of the aqueous component of wound uid through the outer surface of the dressing to the external environment. Queen et al. found that an ideal water vapor transmission rate (2000-2500 gm À2 per day) could prevent excessive dehydration and the accumulation of exudates on the wound area. 46 On the other hand, dressings with higher water vapor transmission rates resulted in rapid wound drying and produced scars, whereas dressings with lower water vapor transmission rates accumulated exudates that retarded or delayed the healing process. This delayed healing increased the risk of bacterial growth. The water vapor transmission rate of the PUFs was approximately 4000 gm À2 per day, which is close to the desired range. Therefore, PUFs are suitable dressing materials for wound healing. Morphological characteristics of wound dressings such as surface (wound contact layer) and cross-sectional area are important factors in wound healing because the foam pore size affects the generation of granulation tissue. 47, 48 Furthermore, the porous structure plays an important role in oxygen supply and the maintenance of wound exudates. Dressings with pore sizes ranging from 400 to 600 mm have exhibited granulation rates ranging from 76-100% in the healing of diabetic foot ulcers. 49 In addition, surface contact between foam pores and wound beds has also been shown to stimulate cell proliferation. To observe the morphologies of the PUFs, the surface (wound contact layer) and cross-section views were analyzed using FE-SEM (Fig. 4) . SEM images demonstrated that the PUFs exhibited a relatively uniform pore size. Interestingly, incorporation of AgNPs, rhEGF or a combination thereof did not signicantly affect the porosity of the PUFs. In particular, for all formulations the surface pore sizes (wound contact layer) ranged from 200-400 mm. The microporous properties in the PUFs help to prevent the penetration of the newly formed epithelium into the foam. In addition, the pores can prevent the dressing from adhering to the wound bed, thereby avoiding secondary damage and yielding improved patient compliance. These properties of PUFs suggest that AgNPs/rhEGF-incorporating dressing materials are sufficiently thin for wound dressing, a nding that has potential in vivo properties.
The elemental composition of the AgNPs in the PUFs was analyzed using a FIB-SEM-associated energy-dispersive detector (Fig. 5) . Cross-sectional FIB-SEM images of the AgNP-PUFs and AgNP/rhEGF-PUFs revealed a porous structure in which the AgNPs are embedded inside the pores. Moreover, EDS analysis of the AgNPs conrmed their identity by the existence of Ag, C, and O. AgNPs were not observed in the PUF to which AgNPs were not added. This analysis also revealed that the AgNPs were dispersed throughout the AgNP-PUFs and AgNP/rhEGF-PUFs dressings.
Cytocompatibility test
Aside from good physicochemical characteristics, biocompatibility is an important criterion to examine the feasibility of PUFs as a wound dressing materials. Cytocompatibility is oen measured using the MTT assay, which quanties the toxicity of given materials to the cell lines of interest. For our cytocompatibility analysis, we exposed L-929 cells to PUFs, AgNP-PUFs, and AgNP/rhEGF-PUFs (Fig. 6) . The PUFs did not show obvious cytotoxicity to L-929 cells, indicating the cytocompatibility of the dressing materials. Interestingly, the AgNPPUFs and AgNP/rhEGF-PUFs both enhanced the viability of L-929 cells. This enhancement could be due to the cytocompatibility of highly porous PUF dressings. To examine the morphology of the exposed cells, we also analyzed the morphology of PUF-treated L-929 cells by microscopy (Fig. 7) . Normal L-929 mouse broblasts are large, spindle-shaped, adherent cells that grow as a conuent monolayer. Both control and experimental groups grew as uniform conuent monolayers and exhibited visible lamellipodia.
Antibacterial activity
Bacterial infections are the major cause of wound infection. Therefore, before applying the materials as wound dressings, we examined the antibacterial activity of the PUFs, AgNP-PUFs, and AgNP/rhEGF-PUFs using the disc diffusion method or the inhibition zone method.
7,11 Fig. 8 shows the antibacterial activity of various PUFs against Staphylococcus aureus (S. aureus, Gram-positive) and Escherichia coli (E. coli, Gram-negative). The PUF exposed strains did not exhibit an inhibition zone, reecting poor antibacterial activity. This nding is in agreement with previous reports. 24, 25 Interestingly, the inhibition zones of the AgNP-PUFs and AgNP/rhEGF-PUFs were signi-cantly larger than that of the PUFs, indicating increased antibacterial activity. In general, exposure of AgNP/rhEGF-PUFs or AgNP-PUFs to wound uids initially triggers the release of silver ions coated on the surface followed by sustained release of silver ions through diffusion controlled mechanism. It should be noted that esterase activity has been found in wound uids, which allowed the biodegradation of PUFs via the hydrolysis of ester bonds. 41, 50 As a result, sustained biodegradation of PUFs triggered the release of AgNPs completely for effective wound healing. The inhibition zone diameters of the AgNP-PUFs and AgNP/rhEGF-PUFs were signicantly higher against S. aureus than against E. coli. This difference in antibacterial activity is explained by the different cell walls of Gram-positive versus Gram-negative bacteria. In general, the cell wall of Gramnegative bacteria is composed of lipids, proteins, and lipopolysaccharides (LPS) that act as an effective protective barrier against antibacterial agents. In contrast, the cell wall of Grampositive bacteria does not contain LPS. The outermost membrane of Gram-negative bacteria is composed of LPS, whereas the inner leaet is composed of phospholipids. AgNPs exhibit activity by anchoring the cell wall of pathogens, which led to the damage of the cell membrane, resulting enhanced permeability of AgNPs to pathogens. 51 The intracellularly delivered silver ions strongly interact with DNA and prevent the cell division and replication, which led to cell death. Hence, the cell death is directly proportional to number or concentration of nanoparticles. Higher content of AgNPs will potentially allow interaction with large number of cells when comparison with low content AgNPs group. Therefore, the high concentration of AgNPs in wound dressing exhibits the best antibacterial activity.
In vivo diabetic wound healing
With the success of the in vitro tests, we next evaluated the efficacy of the dressing materials in diabetic balb/c mice. Bacterial infection is the major cause for slow and impaired wound healing in vivo. S. aureus and P. aeruginosa are common bacteria's found in infected wounds and are responsible for bacterial infection. Bacterial infections provoke elevation of proinammatory cytokines including IL-1 and TNF-a and prolong the inammatory phase, which led to the increased level of matrix metalloproteases (MMPs).
2 MMPs are proteolytic enzymes that can degrade the extracellular matrix. As a consequence, new growth factors that appear during healing process are rapidly degraded. Furthermore, the continuous growth of bacteria in the infected wound occurs in the form of biolms. Such biolms shielded microenvironment are resistant to treatment and led to the slow healing of wound. Therefore, we aimed to maximize diabetic wound healing by using synergistic PUFs. Fig. 9a shows the macroscopic observations of three treatment groups: (A) gauze, (B) AgNP-PUFs, and (C) AgNP/rhEGFPUFs. Gauze is an open-woven cotton fabric that is widely used in wound dressing as an absorbent and breathable pad. Gauze-dressed wound sites exhibited severe ulceration and edema even aer 5 days, which indicated poor antibacterial activity of the dressing. However, groups treated with silvercontaining dressings achieved good wound healing, even aer 5 days. Importantly, the AgNP/rhEGF-PUF-treated group showed excellent healing aer 5 days. We also noted that the regenerated skin aer AgNP/rhEGF-PUF-treatment was smooth, with thick granulation tissue and extensive development of hair follicles, identical to that of normal skin. We propose that the excellent healing properties of the AgNP/rhEGF-PUFs dressings are due to its synergistic properties. Specically, the Ag present in the dressing inhibits the bacterial infection in wound sites, whereas rhEGF accelerates the re-epithelization process.
The extent of wound contraction at different time points is shown in Fig. 9b . Aer 5 days, the groups treated with AgNPPUFs and AgNP/rhEGF-PUFs achieved 31% and 60% wound closure, respectively. In contrast, the wounds of the gauzetreated group actually enlarged over time, reecting the poor antibacterial properties of the dressing. The size of the wounds in the AgNP-PUF and AgNP/rhEGF-PUF-treated groups tends to decline over time. Strikingly, the wound healing rate of the AgNP/rhEGF-PUF-treated group was 100%, signicantly higher than that of the AgNP-PUF-treated group (87 AE 2.30%) and the control group (64 AE 4.76%). This excellent wound healing may be attributable to the synergistic effect of the incorporated AgNPs and rhEGF. During the experimental period, the AgNP-PUF and AgNP/rhEGF-PUF dressings did not dissolve or adhere to the wound sites. Moreover, these dressings did not damage the newly regenerated epithelial tissues when removed. 
Histological evaluation
Wound healing is a complex biological process in which tissue growth and regeneration occur in a four step process consisting of inammation, hemostasis, migration, proliferation, and maturation. 52 The histological analyses of wound tissue on day 20 are shown in Fig. 10 . H & E staining of the gauze-treated group show obvious broblasts and endothelial cells. As a result, gauze-treated group did not develop brocytes or blood vessels, indicating poor wound healing. Interestingly, the groups treated with AgNP-PUFs and AgNP/rhEGF-PUFs clearly showed clear reconstructive venules and arterioles. This nding reects the migration phase of healing, thus indicating noncomplete wound healing. In addition, regeneration of skin appendages such as hair follicles and sebaceous glands, both of which can be observed in normal dermal tissue, was prominent in the AgNP-PUF and AgNP/rhEGF-PUF groups. It is particularly noteworthy that wounds treated with the AgNP/rhEGF-PUF dressings were completely cured, as demonstrated by the thickened epidermis on the wounds. These results indicate that the AgNP/rhEGF-PUFs dressings can effectively enhance skin regeneration on diabetic wounds by stimulating reepithelialization and regeneration of skin appendages.
Conclusion
In summary, we demonstrated that AgNP and rhEGFincorporating synergistic PUFs can be used to heal diabetic wounds. The hydrophilic PUFs showed high porosity, excellent absorbency, and high uid retention. The hydrophilic surface effectively absorbed wound exudates. Consequently, in vitro antibacterial tests demonstrated excellent antibacterial activities against pathogenic bacteria. Moreover, L-929 cells exposed to the AgNP/rhEGF-PUF dressing exhibited enhanced growth in vitro. In vivo wound healing experiments in mice with full-thickness wounds demonstrated that AgNP/rhEGF-PUFtreated wounds exhibited improved healing compared to gauze-treated wounds. This result was further supported by histological examination, which showed excellent reepithelization and dense collagen formation. Overall, our AgNP/rhEGF-PUF dressings lay the groundwork for the treatment of diabetic wounds with AgNP and rhEGF combinations. The synergistic dressing materials used here are easily prepared, biocompatible, and can integrate well with tissue. Thus, these materials have potential applications beyond the treatment of diabetic wounds. For example, further possible applications of our technology include the treatment of burns, pressure ulcers, and venous ulcers.
